Recent legislation has stressed the need to decide the best end-of-life (EoL) option for post-consumer products considering their full life-cycle and the corresponding overall environmental impacts. The life cycle assessment (LCA) technique has become a common tool to evaluate those impacts. The present study aimed to contribute to the better understanding of the application of this technique, by evaluating the influence of the selection of the life cycle impact assessment (LCIA) method in its results and conclusions. A specific case study was chosen, using previous information related to an anti-glare lamellae (AGL) for highway use, made with virgin and recycled high-density polyethylene (HDPE). Five distinct LCIA methods were used: Eco-indicator 99, CML 2 (2000), EPS 2000, Eco-indicator 95 and EDIP 97. Consistent results between these methods were obtained for the Climate change, Ozone layer depletion, Acidification and Eutrophication environmental indicators. Conversely, the Summer smog indicator showed large discrepancies between impact assessment methods. The work sheds light on the advantages inherent in using various LCIA methods when doing the LCA study of a specific product, thus evidencing complementary analysis perspectives.
Introduction
The European framework legislation on waste updated by Directive 2008/98/EC (European Union, 2008) will significantly reduce waste deposition in landfills, thus minimizing potential negative impacts of waste to the environment. It also constitutes a powerful driver of the technological and systemic capacity to recycle and to valorize that waste. Significant emphasis is given therein to the mechanical recycling of post-used manufactured products. Mechanical recycling, however, is not always the best option in environmental terms, when compared with other end-of-life (EoL) techniques. The Directive recognizes that point, by stating that the options that deliver the best overall environmental outcome should be pursued, even if that requires departing from the usual waste hierarchy for specific streams. As a consequence, techniques such as life cycle assessment (LCA) have gained prominence as tools to evaluate that overall impact (ISO, 2006 a, b) .
In the case of products made with plastic materials, mechanical recycling still has to overcome some major technological and economic barriers to become truly viable. One of these is the difficulty in using recycled plastics in high value-added products. In recent years, numerous LCA studies comparing the recycling of plastics waste with other waste treatment options, such as incineration with energy recovery and deposition in landfills, have been published (Arena et al., 2003; Bjo¨rklund and Finnveden, 2005; Erikson et al., 2005; Moberg et al., 2005; Mølgaard, 1995; Perugini and Arena, 2004; Perugini et al., 2005) . However, it is well known that this type of comparison has various limitations (Ekvall and Finnveden, 2001; Udo de Haes and Heijungs, 2007; Udo de Haes et al., 2005) . One of them is the selection of the life cycle impact assessment (LCIA) method. The LCIA stage is of great importance in the LCA methodology (ISO, 2006 a, b) . The complexity of the procedures used during this stage rests primarily on the cause-effect links between emissions, resources depletion and the ensuing consequences. These links show that the environmental impacts can be ascribed to different points of the environmental mechanism (Brent and Hietkamp, 2003) . All the environmental impact assessment methods developed so far are based essentially on two approaches: classical impact assessment and damage-oriented methods (Jolliet, 2004) . In the former, the quantitative modelling of the impact is made at the midpoint of the environmental mechanism, such as Ozone layer depletion and Acidification. These impact categories simplify the quantification of the environment problem. For instance, all the emissions and resource depletion indicators can be aggregated, since they have similar mechanisms of impact. In the latter, the quantitative modelling of the impact is made at the endpoint of the environmental mechanism, such as Damage to human health, Damage to the ecosystem and Resources. Because they are located further from the direct causes, these last categories can lead to large uncertainties. A previous publication (Goedkoop and Oele, 2002) illustrated the concepts of midpoint and endpoint using as example Ionising radiation. In this case, the impact category at the midpoint level could be the Dose while that at the endpoint could be the intensity of Damage to human health. More generally, the distinction between the endpoint and midpoint categories is that the former is defined considering areas of protection and the latter the impacts somewhere between the emission and the endpoint (Finnveden et al., 2009) . In any case, it is clear that the selection of environmental impact categories can be made at any point in the environmental mechanism, between the inventory results and the endpoint. The obvious conclusion is that making the right decision on where to model the impact is not a trivial problem.
Due to the complexity of assessing the cause-effect of each environmental impact, professionals who perform LCA studies use computer applications that already include published LCIA methods (Brent and Hietkamp, 2003) . Although these LCIA methods differ, they all meet the ISO 14040 series (ISO, 2006a, b) requirements. The ISO 14 044 standard (ISO, 2006b) states, that an environmental impact assessment method should be composed of mandatory elements (classification and characterization), and optional elements (normalization and weighting). The former convert the results of the inventory into categories of impact. The latter calculates a single indicator, whose utilization depends on the claims of the study. ISO 14044 standard (ISO, 2006b) warns about the use of the weighting stage, as it is based on valuechoices that are not scientifically supported. It also prohibits its use in comparative assertions intended to be disclosed to the public. Additionally, it recommends the use of various LCIA methods during the implementation of an LCA, in order to assess the ensuing consequences in the final results and conclusions. The LCIA methods most cited in the literature so far are the Eco-indicator 99 (Althaus et al., 2004; Goedkoop and Oele, 2004; Goedkoop and Spriensma, 2001; PRe´Consultants, 2000) and CML 2 (2000) (Althaus et al., 2004; Goedkoop and Oele, 2004; Guine´e et al., 2002) . This is due to the published documentation that describes very well all the different set of choices that can be made and therefore gives reliability to the method. Indeed, comparative studies using Eco-indicator 99, CML 2 (2000) and other methods to assess environmental impacts of materials and products have already been published. However, the methods used are rarely discussed and the results frequently do not coincide, even in the case in which the impact categories are comparable (Bovea and Gallardo, 2006; Daniel et al., 2004; Ribeiro et al., 2007) .
In this context, the present study aimed to contribute to a better understanding of the influence of the selection of the LCIA method in the results and conclusions of a LCA study. To focus the analysis, a specific case study was chosen, using previous information of an anti-glare lamellae (AGL) for highway application, made with virgin and recycled high-density polyethylene (HDPE) (Simo˜es et al., 2010) . The study was performed using the LCA methodology and the Eco-indicator 99 as the LCIA method. At the time, it was concluded that the use of recycled HDPE in the making of AGL instead of virgin polymer was environmentally advantageous. However, the conclusion might have been different if other LCIA methods, giving distinct emphasis to specific aspects of the problem, had been selected. Thus, the present work compares the results of the LCA of the two types of AGL using the above LCIA method and four others: CML 2 (2000), EPS 2000 (Althaus et al., 2004; Chalmers University, 1999; Goedkoop and Oele, 2004) , Eco-indicator 95 (Goedkoop and Oele, 2004; Goedkoop and Spriensma, 2001) and EDIP 97 (Althaus et al., 2004; Goedkoop and Oele, 2004) . With this methodology the advantages and information inherent to using various LCIA methods when doing the LCA study of a specific product will be demonstrated.
Life cycle impact assessment methods
The LCIA methods used in the present work were selected because they represent different approaches to the problem under consideration. Table 1 describes their key elements (classification, characterization, normalization and weighting).
As already mentioned, the case study refers to the assessment of the potential environmental impact of two alternative AGL systems: current (manufactured from virgin HDPE) and optional (made with recycled HDPE obtained from post-consumer packages). AGL are road safety plastic devices, with a cylindrical shape, used in highways to prevent drivers from being dazzled by the headlights of oncoming vehicles. The functional unit opted for in the study is a single AGL. In the two systems, all the stages, manufacturing, distribution, use and EoL are identical, differing only in the production of the raw materials. In the current system the raw material production includes the manufacture of HDPE (made from crude oil as extracted from nature) and the masterbatch, whereas the optional system includes the sorting of the post-consumer packages (the collection of the packages was not included in the study) and the processing to produce the recyclates. The two systems were modelled using commercial databases (Goedkoop and Oele, 2004) and also field data, which were summarized in a LCI that was performed in SimaPro 7 (PRe´Consultants, 2007) . The goal and scope definition stage, as well as the LCI analysis, are described in detail in the previous LCA study of the same authors (Simo˜es et al., 2010) . The impact assessment categories for each of the five LCIA methods used are listed in Table 2 . All the LCIA results were based on the same inventory data.
Case study: results and discussion
The initial case study comparing the environmental performance of the two lamellae systems was done using Eco-indicator 99 as the LCIA method. This method was selected due to the environmental impact categories that it considers, namely Fossil fuels. Some of the authors of the present work have a long experience in the plastics industry and hence are highly sensitive to the importance of fossil fuels to that industry, as a source of raw materials and energy. The method also permits weighting which, within the limitations already mentioned, facilitates the interpretation of the results by a broader audience. Figure 1 presents the characterization results for the current and optional AGL obtained with this method. The optional AGL system has a higher impact in practically all environmental impact categories, with the exception of Respiratory problems (organic substances) and Fossil fuels (Simo˜es et al., 2010) . However an increase in air emissions is observed in the Respiratory problems (inorganic substances) and Climate change environmental impact categories. In fact, the optional AGL, made from recycled HDPE, does not need oil to produce the raw-material. However, the recycling process, by itself, consumes electric energy, and the gaseous emissions during its generation contribute to the observed increase in those categories. This is consistent with other published studies (Perugini and Arena, 2004; Perugini et al., 2005) that showed the environmental advantage of recyclates over virgin plastics, namely savings in non-renewable resources (crude oil, natural gas and coal), as well as reduction in organic air emissions (non-methane volatile organic compounds, NMVOCs).
As mentioned previously, further to Eco-Indicator 99, the present study applied four other LCIA methods: CML 2 (2000), EPS 2000, Eco-indicator 95 and EDIP 97. Figure 2 presents the characterization results for the current and optional lamellae obtained with the CML 2 (2000) method. Once more, the optional AGL system has a higher impact in practically all environmental impact categories, with the exception of Abiotic depletion, Human toxicity and Eutrophication.
As in Table 2 , Figures 1 and 2 also show that each method uses a different set of impact categories, making it impossible to make a direct comparison between methods. Table 3 presents the characterization results for the current and optional lamellae, obtained with three of the methods in which five categories of environmental impact are directly comparable, as their results are expressed in the same or similar units: Climate change, Ozone layer depletion, Summer smog, Acidification and Eutrophication. Figure 3 , in which each bar should be considered individually, shows the same characterization results, in percentage terms, for the two systems, after converting those for Eutrophication (EDIP 97) from nitrate to phosphate equivalents. For the Climate change, Ozone layer depletion, Acidification and Eutrophication categories the four LCIA methods lead to equivalent values in both cases. Hence, for these categories, the selection of any of these methods is not a critical issue. However for the Summer smog category there were significant differences. This last result reveals the limitations inherent to the models used and the related data, as mentioned previously. For that category the Eco-indicator 95 and EDIP 97 methods include characterization factors for NMVOCs, whereas CML 2 includes sulfur oxides as main contributors.
In fact, as each method considers a limited number of substances (gaseous emissions, liquid emissions, solid emissions or resources) for the determination of the characterization results, the final characterization values can indeed be different. The lack of data on some substances, which is common to all LCIA methods, is another important factor that affects the results and also increases the complexity of choosing a LCIA method from those currently available. Table 4 presents the single score, expressed in mili-points (mPt), obtained by applying normalization and weighting to the characterization results, in accordance with the Eco-indicator 99, EPS 2000, Eco-indicator 95 and EDIP 97 methods. The CML 2 method does not support weighting, so it is not possible to compare it with the others.
As the single scores are expressed in units with different meanings for each method, it is not possible to compare them directly, but only, one by one, for the two types of lamellae. Normalization Relating to issues of concern, from both the Dutch and global perspectives.
The normalization is based on 1990 effect levels for Europe, excluding the former USSR.
Characterization
Weighting Fate and relative environmental intervention (e.g. exposure or depletion) modelling (the Netherlands and European continent, except for global interventions) of an inventory constituent compared to a specific substance.
Calculated as the ratio of the actual inventory value to the target/critical inventory value for each effect category, with additional subjective weighting to represent significance to human health and ecosystem impairment, from a Dutch perspective. CML 2 Classification Normalization Relating to issues of concern from both the European and global perspectives Choice of normalized values given for:
World population (1990) The Netherlands (1997) Western Europe (1995) Characterization
Weighting Fate and relative environmental intervention (e.g. exposure or depletion) modelling (European continent except for global interventions) of an inventory constituent compared to a specific substance or parameter.
No weighting procedure is included or recommended.
EDIP 97
Classification Normalization Relating to issues of concern from both the European and global perspectives Normalization is based on 1990 effect levels Characterization Weighting Fate and relative environmental intervention (e.g. exposure or depletion) modelling.
Calculated as the ratio of actual inventory value to the target/critical inventory value for each effect category, with additional subjective weighting based on 1990 values. Figure 4 shows the relative contribution of the results presented in Table 4 , again in percentage terms, for the four methods considered. It can be concluded that after weighting, according to the Eco-indicator 99 method, the optional AGL presents the best environmental performance. Nevertheless, according to Ecoindicator 95 and EDIP 97 methods, the situation is reversed and the current AGL is the one that performs best. With the EPS 2000 method, both AGLs have similar environmental impacts. These results demonstrate the potential problems that can arise when weighting is carried out, as stated by ISO14044 (ISO, 2006b) .
The environmental impact assessment is a process that involves the addition of environmental interventions with dissimilar units in order to obtain a single value. As already mentioned, the end value is highly dependent on the number of the substances (gaseous emissions, liquid emissions, solid emissions or resources) considered during the characterization and weighting steps. Table 5 presents the contribution, of the different compartments (environmental interventions groups) to the single score of the two systems in each of the LCIA methods studied, with the obvious exception of CML 2.
The LCIA methods differ significantly with regard to the contribution of the different compartments to the single score. As can be seen in Table 5 some methods give more weight to some compartments. Weighting factors accounting for resources, liquid and gaseous emissions are considered by all methods. The EDIP 97 method is the only one that considers the impact due to solid waste. The Eco-indicator 99 method gives more weight to resources, whereas Eco-indicator 95 and EDIP 97 put the emphasis on gaseous and liquid emissions. This is the reason for the different conclusions obtained while using these different LCIA methods. Notwithstanding, it is useful to recall here again that the LCIA method, most used in the literature is the Eco-indicator 99. Further to its generally recognized reliability, other reasons for this are the DALY, the PAF and the PDF approaches, as well as the surplus energy approach that facilitate the interpretation of results. However, some authors (Goedkoop and Oele, 2002) also argue that deriving them involves making a set of assumptions, so a midpoint approach may provides a less-manipulated result.
Conclusions
Several factors can influence the results of a LCA study. An important factor that affects the results is the lack of data on some substances, which is common to all LCIA methods. Additionally, the assignment of weighting factors to impact categories is also reflected in the LCA results. The weighting step in the environmental impacts assessment is based on social and political principles. This often leads to different results, yet the results originate from the same inventory. However, in spite of the limitations of the weighting step already indicated (ISO, 2006 b), the use of a single impact score helps to convey the LCA results to a broader audience. were obtained, and therefore the choice of any of the LCIA studied that considers these impact categories is not a critical issue. However this was not the case of the Summer smog impact category. The difficulty in choosing a LCIA method from those available, namely when more than one criterion can be considered, should be pointed out. This has been demonstrated in the presented case study, in which the application of different methods leads to different final conclusions. Another, albeit implicit, conclusion of this study is the importance of the previous knowledge and conceptual frame of the LCA practitioner on that choice. That is, reflecting his experience, the impact method selected will depend on the environmental issues that the practitioner wants to consider.
The overall conclusion of the present work is to stress the importance of using different LCIA methods when doing an LCA study -and therefore employing complementary analysis perspectives -before drawing environmental conclusions or making a design decision. Another conclusion is that it is recommended to justify the reasons for the selection of the LCIA methods, so that the reader understands the possible limitations of the results obtained.
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